We synthesized cerium-doped cobalt-alumina (Co x Ce y /Al 2 O 3 ) catalysts for the propane steam reforming (PSR) reaction. Adding cerium introduces oxygen vacancies, and the oxygen transfer capacity of the Ce promoter favors CO to CO 2 conversion during PSR, inhibiting coke deposition and promoting hydrogen production. The best PSR activity was achieved at 700 • C using the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst, which showed 100% propane (C 3 H 8 ) conversion and about 75% H 2 selectivity, and 6% CO, 5% CO 2 , and 4% CH 4 were obtained. In contrast, the H 2 selectivity of the base catalyst, Co/Al 2 O 3 , is 64%. The origin of the difference in activity was the lower C 3 H 8 gas desorption temperature of the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst compared to that of the Co/Al 2 O 3 catalyst; thus, the PSR occurred at low temperatures. Furthermore, more CO was adsorbed on the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst, and subsequently, desorbed as CO 2 . The activation energy for water desorption from the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst was 266.96 kJ/mol, higher than that from Co/Al 2 O 3 . Furthermore, the water introduced during the reaction probably reacted with CO on the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst, increasing CO 2 generation. Finally, we propose a mechanism involving the Co 0.85 Ce 0.15 /Al 2 O 3 catalyst, wherein propane is reformed on Co x Ce y sites, forming H 2, and CO, followed by the conversion of CO to CO 2 by water on CeO 2 sites.
Introduction
At the Davos World Economic Forum in January 2017, a hydrogen consortium was formed consisting of chief executive officers from major companies in Asia, Europe, and the United States of America, as well as national policy makers. At the Sustainability Innovation Forum in November 2017, the hydrogen consortium predicted that the demand for hydrogen fuel cell vehicles would increase from 10 to 15 million cars by 2030 and to 500,000 trucks by 2030. Moreover, the demand for hydrogen is expected to expand to 10 times its current level because of its wide use in other industries [1] . Thus, the era of the hydrogen economy has arrived. The increasing use of hydrogen energy will help protect the environment, although it may not represent the next-generation energy revolution. Methods for producing hydrogen from hydrocarbons include catalytic cracking [2] , catalytic partial oxidation [3] , carbon dioxide reforming [4] , and steam catalytic reforming [5] . Without considering the CO 2 separation, treatment, and storage steps, the steam catalytic reforming process has been evaluated as the most economical large-scale hydrogen production process and has already been commercialized. The economic efficiency of these processes can be evaluated based on the raw material composition of the supplied hydrocarbon gas and the final consumption and destination of the produced synthesis gas. In addition, because CO 2 emission regulations are becoming stricter, the cost of CO 2 disposal will exert a significant impact on the overall economic assessment. In the steam reforming (SR) process, steam is added to a hydrocarbon (here, propane steam reforming or PSR), resulting in the decomposition of the hydrocarbon, as shown in Equation (1) [6] .
C 3 H 8 + 6H 2 O → 3CO 2 + 10H 2 , ∆H 298 = 499 kJ/mol (1)
The CO 2 /H 2 ratio of the product gas is 0.3, which is lower than that of the partial oxidation process, and it is advantageous in that a larger amount of hydrogen can be obtained from a small amount of hydrocarbon. However, the PSR process has a disadvantage: It requires a high water vapor/carbon ratio of over six to prevent coke formation on the catalyst. In addition, the process consumes a large amount of energy because the process temperature is as high as 800 • C. The entire SR process is now briefly described [7] and is divided into pretreatment and posttreatment processes based on the use of a steam reformer. In the pretreatment process, a hydrogen desulfurization system (HDS) and a prereformer are installed. In the posttreatment step, there is a high-temperature shift (HTS) reactor, a low-temperature shift (LTS) reactor, a CO 2 separator, and a methanation reactor. As parts of the CO 2 separation device, a conventional absorption device and a pressure swing adsorption (PSA) device for increasing the separation efficiency are used. In particular, the final section of the hydrocarbon reformer system must purify the raw hydrogen. In modern plants, a PSA unit is used to achieve the final product purity. In this process, the separated carbon dioxide can be collected and used for various purposes without being disposed of in the atmosphere. In particular, carbon capture and utilization (CCU) devices are attractive, and the reduction of carbon dioxide by hydrogen (thermal reaction) or water (photoreaction) to convert it into fuel or to other high-value chemicals is one such application. However, in this paper, only the main process, steam reforming, is discussed. Cobalt [8] and nickel [9] catalysts are widely used in the PSR process. Precious metal catalysts such as Rh show low carbon deposition, but are not used for economic reasons [10] . Nickel has a sintering temperature of 590 • C, which is lower than the process temperature of the steam catalytic reaction (600-800 • C); therefore, nickel is usually dispersed and supported on a carrier such as Al 2 O 3 , KOH, MgO, or urania. The carrier is added to promote the gasification of the carbon on the catalyst surface. As the catalytic species can evaporate at high temperatures, they are added in the form of potassium alumina-silicates or calcium magnesia silicates, for example, NiO/K-Al 2 O 3 , NiO/Al 2 O 3 /CaO, and NiO/MgAl 2 O 4 [11] [12] [13] . Many researchers have reported that NiC formation is suppressed by the steam reforming of catalysts loaded with promoters such as Pt, Ir, Sn, Pb, Ge, As, Sb, Bi, Ag, Cu, and Zn [14] [15] [16] [17] [18] [19] [20] .
Previously, we have confirmed that the deposition of coke on the Co-Mn catalyst is lower than that on other catalysts and hydrogen production is close to 75% [21] . Furthermore, we have shown that, in the Co/Mn catalyst, the oxygen vacancies of the manganese oxides are well supplied with oxygen for the reforming of propane on the cobalt sites, enabling the reforming reaction to occur continuously. However, a promoter with greater oxygen transfer capability is required to confirm this effect. Therefore, in this study, cobalt was selected as a main catalyst and another metal catalyst for promoting oxygen vacancies, which was added as a catalytic promoter. However, in the PSR process, the deterioration of the catalyst because of carbon deposition on the catalyst surface is a major obstacle to commercial use. Therefore, generally, in the steam reforming process, excess steam is added to prevent carbon deposition. Carbon deposition on the catalyst is produced in the form of encapsulating coke and whisker-like coke [22] . The encapsulating coke reduces catalyst activity, and the whisker coke increases catalyst sintering, which eventually blocks the movement of the reactant gas, and thus, increases the pressure differential in the reactor. In both cases, however, these factors contribute to reduce the activity of the catalyst. On the other hand, the deposition of encapsulating coke is somewhat related to the CO generated in the steam reforming reaction [23] . Therefore, it is possible to control the encapsulating coke deposition if the amount of CO adsorbed on the catalyst surface is reduced by converting the produced CO into CO 2 during the reaction. Furthermore, the water gas shift (WGS) of CO can assist in the production of hydrogen, as shown by Equation (2):
In this study, we used ceria as a co-catalyst, expecting it to play a role as an oxidation catalyst to convert CO to CO 2 [24] . The aim of this study is to suppress the deterioration of the catalyst by converting the CO gas generated during the PSR reaction to CO 2 by using the lattice oxygen of Ce x O y , which was used as a promoter to achieve higher hydrogen production over the Co-based catalyst. A catalyst loaded with 30% cobalt oxide on 70% γ-Al 2 O 3 was used as the base catalyst, and four kinds of cerium-doped catalysts were prepared: 30Co 0 containing 0.1, 0.5, 0.7, and 1.0 mol.% Ce per mole of Co, respectively. The catalysts were prepared by a conventional impregnation method. The physical properties of the catalyst before and after the reaction are compared, and based on the results, a PSR mechanism is proposed.
Results and Discussion

Characteristics of 30Co x Ce y /70γ-Al 2 O 3 Catalysts
The crystallinities and phase purities of the as-prepared 30Co x Ce y /70γ-Al 2 O 3 catalysts were determined by XRD analysis, as shown in Figure 1A . The XRD pattern of the pure 30Co/70γ-Al 2 [25] . However, in the case of the 30Co x Ce y /70γ-Al 2 O 3 catalyst, the amount of Ce in the sample was insufficient to yield diffraction peaks corresponding to CeO 2 , even though Ce had been added. Only the 30Co 0.7 Ce 0.3 /70r-Al 2 O 3 catalyst with the highest amount of Ce showed a weak diffraction peak at 28.57 • , corresponding to the (111) crystal face of CeO 2 [JCPDS card no. 00-002-1306]. Interestingly, compared with the diffraction patterns of the 30Co/70γ-Al 2 O 3 catalyst, the diffraction peaks of the 30Co x Ce y /70γ-Al 2 O 3 catalysts shifted to higher angles with increasing Ce addition. Thus, according to Bragg's law, the distance (d) between the lattice planes was reduced [26] . In addition, the increase in crystal size and lattice strain arise from the differences in the ionic radii of Co and Ce. The TEM images are shown in Figure 1B . The surfaces of the 30Co x Ce y /70γ-Al 2 O 3 catalysts were found to have short rod-like particles of Co and Ce species on the surface of the spherical γ-Al 2 O 3 support.
The elemental ratios of the catalysts were examined using EDS/element mapping, and the results are shown in Figure 2A ,B. Due to the small amount of Ce (beyond the limit of EDS analysis, which only observed a small part of the surface), the presence of Ce was only confirmed in 30Co 0.79 Ce 0.21 /70γ-Al 2 O 3 and 30Co 0.70 Ce 0.30 /70γ-Al 2 O 3 . The amounts of Ce present in these catalysts were about 10% and 20% of the amount of Co, respectively, representing 1/2 and 1/3, respectively, of the amounts of Ce added in the synthesis step. These differences are considered to be due to the limitations of EDS analysis. However, because there was an increase in the proportion of Ce with respect to the amount added, we determined that the catalysts had been successfully formed. Elemental mapping images are shown in Figure 2B and were used to confirm the presence of trace elements contained in the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst. Fortunately, Ce, which did not appear in the EDS spectrum, was found to be evenly dispersed over the catalyst surface. Further, when the intensities of the colored spots corresponding to the respective elements were determined, the intensities of the spots were found to vary in proportion with the amount of the elements present in the catalyst. Thus, we concluded that the catalysts prepared in this study had been synthesized quantitatively.
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Gas Adsorption Ability of 30CoxCey/70γ-Al2O3 Catalysts
In general, the reactivity of a catalyst is closely related to the reactant adsorption capacity. Therefore, to investigate the adsorption capacity for C3H8 (the feed gas) and CO (the intermediate gas), C3H8-, and CO-TPD were performed, and the results are shown in Figure 5A ,B, respectively. Chemisorption is the process by which adsorbed species on the catalyst surface are combined and the product is desorbed from the surface; usually, a catalyst with a high gas adsorption capacity is also highly active [35] . In the case of the 30Co/70γ-Al2O3 catalyst, propane desorption peaks were observed near 420 and 800 °C. On the other hand, most Ce-containing catalysts showed low desorption peaks at low temperatures and large desorption peaks at high temperatures. In particular, compared with the 30Co/70γ-Al2O3 catalyst, the high-temperature (800 °C) desorption peak shifted to a lower temperature (near 700 °C), and the quantity desorbed also remarkably increased. These results suggest that the addition of Ce improves the interaction between propane gas and the catalyst and more propane is adsorbed during the propane steam reforming reaction at high temperatures. On the other hand, the results for CO-TPD are shown in Figure 5B . There are three losses at 100 (even though very small), 200, and 400 °C on 30Co/70γ-Al2O3. The CO desorption usually occurs in three parts: The loss curve corresponding to the desorption of CO molecules physically adsorbed on the catalyst surface occurs at about 100-150 °C, whereas the desorption curve for CO molecules chemically adsorbed on the catalyst surface is observed at about 200-600 °C. Finally, CO gas strongly adsorbs to the lattice, and a curve corresponding to the desorption of CO2 bound to the lattice oxygen is observed at about 700-900 °C [36] . For the 30Co/70γ-Al2O3 catalyst, only the desorption of CO molecules adsorbed physically or chemically on the surface of the cobalt oxide was observed. However, when Ce was added, the CO desorption shifted to higher temperatures. Generally, higher 
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Propane Steam Reforming Reaction over 30CoxCey/70γ-Al2O3 catalysts
For the best catalyst, 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 , the longevity was measured by increasing the reaction time at 700 • C to 100 h. These measurements allowed us to examine the lifetime of the catalyst. The results are shown in Figure 8 . The 100% propane conversion and 78% hydrogen yield did not show any decline after 100 h. Furthermore, the amount of carbon compounds produced as intermediates or as products were constant for 100 h. This result indicates that the oxygen transport of cerium oxide in the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst prevents the Co from being completely reduced, and consequently, the deactivation of Co can be suppressed and the lifetime of the catalyst increased. For the best catalyst, 30Co0.85Ce0.15/70γ-Al2O3, the longevity was measured by increasing the reaction time at 700 °C to 100 h. These measurements allowed us to examine the lifetime of the catalyst. The results are shown in Figure 8 . The 100% propane conversion and 78% hydrogen yield did not show any decline after 100 h. Furthermore, the amount of carbon compounds produced as intermediates or as products were constant for 100 h. This result indicates that the oxygen transport of cerium oxide in the 30Co0.85Ce0.15/70γ-Al2O3 catalyst prevents the Co from being completely reduced, and consequently, the deactivation of Co can be suppressed and the lifetime of the catalyst increased. Figure 9 shows the TGA (and TPO) curves for coke combustion, as well as TEM images of the catalysts after PSR. We used the TEM images to determine the amount and shape of the carbon deposited on the catalyst after PSR. The TPO curve is also shown in this figure. Generally, the TPO curves are separated into three peaks at 100-200, 350, and 550 °C, respectively. Aside from the water desorption curve below 200 °C, the positions of combustion peaks on monometallic sites and bimetallic sites are related to the interaction between the metal and deposited carbon, as well as the Figure 9 shows the TGA (and TPO) curves for coke combustion, as well as TEM images of the catalysts after PSR. We used the TEM images to determine the amount and shape of the carbon deposited on the catalyst after PSR. The TPO curve is also shown in this figure. Generally, the TPO curves are separated into three peaks at 100-200, 350, and 550 • C, respectively. Aside from the water desorption curve below 200 • C, the positions of combustion peaks on monometallic sites and bimetallic sites are related to the interaction between the metal and deposited carbon, as well as the shape of the deposited carbon particles. Usually, the coke deposited on monometallic sites burns at higher temperatures than bimetallic sites [42] . However, in this study, we could not make this generalization, i.e., the coke deposited on the Co monometallic sites on the Al 2 O 3 support burnt at a low temperature of around 450 • C, and the peak at 580 • C was associated with a coke fraction deposited on the Co-Ce bimetallic sites. In this study, the burning of coke at higher temperatures in the Ce-substituted catalyst indicates that the shape of the formed coke particles is different. Thus, the PSR pathways on the Co metal and cobalt oxides were different, the resulting intermediates were different, and consequently, the shapes of the deposited coke particles were also different. Coke burned at a low temperature is probably an amorphous encapsulating carbon, whereas the burned coke at a high temperature probably has a crystalline whisker carbon structure such as carbon nanotubes. From the TGA analysis, the carbon deposits on the 30Co/70γ-Al 2 catalysts were 2.98%, 0.34%, 1.84%, 4.13%, and 5.42%, respectively. The amount of deposited coke tended to increase with increasing Ce substitution. The reason that the correlation between the amount of Ce and the amount of coke shows an opposing trend, that is, propane conversion in all the catalysts did not reach 100%. This seems to be attributed to the fact that, as the amount of Ce increased, the amount of Co participating in the substantial reforming reaction decreased, resulting in a decrease in the amount of CH 4 combustion, and consequently, an increase in the carbon deposition probability. In other words, the carbon compounds, produced as intermediates, strongly interacted with the surface of the catalysts with greater Ce substitution; thus, they could not escape from the catalyst surface and accumulated. However, based on these results, we found that the addition of 15% Ce (with respect to that of Co) can suppress coke formation, as well as catalyst deactivation. To confirm this result, TEM images were obtained to determine the shape of the deposited carbon particles. The amount of carbon deposited was too small to observe particular carbon shapes such as carbon nanotubes (CNTs) or fullerenes. Nonetheless, the catalyst without Ce clearly exhibited agglomeration between metals, and the particles measuring 100 nm in diameter, before reaction, grew to micrometer size. These enormous particles inactivate the catalytic sites and the deposited carbon could not be easily burned away; thus, carbon is continuously deposited, resulting in coke formation. On the other hand, in the catalysts with Ce substitution, the needle-shaped particles before reaction did not increase in size after the reaction, but became highly dispersed. Possibly, the introduction of Ce x O y suppressed sintering between Co metal particles (actually CoO). This means that even if carbon is deposited on the surface of the catalyst, it could be easily burned away on the Ce x O y to inhibit coke formation, resulting in continuous catalyst activity. Figure 10 shows the Co 2p , Ce 3d , Al 2p , and O 1s XPS spectra of two representative catalysts, 30Co/70γ-Al 2 O 3 and 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 , before and after PSR. The Co 2p spectra contain peaks corresponding to Co 2+ (783.52 eV) and Co 2.5+ (781.36 eV) for both catalysts before reaction [43] . However, after reaction, the peaks moved towards lower binding energies, which means the formation of reduced Co species. However, the migration was not significant for 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 . This is because Co can continue to be supplied with oxygen by the cerium oxide [44] , and it would not have been perfectly reduced into Co metal after the PSR reaction. Eventually, the oxygen supply of Ce prevents sintering between the reduced Co metal particles, which slows the deterioration of the catalyst. In the O 1s spectrum, various types of oxygen species were observed before PSR, but they converged to the oxygen present in the lattice after PSR, moving toward a small binding energy at 531.06 eV [45] . This means that the oxidation state of the metals present after the reaction has become simple and significant, oxygen has been lost from the lattice. This phenomenon was more significant in the catalysts containing Ce. The Al 2p spectrum of the catalysts before PSR contains peaks corresponding to Al-O and Al-O-H at 74.2 and 76.8 eV, respectively [44] . After the reaction, the only Al peak in the lattice was observed at 74.1 eV. This result suggests that Al also participates in the PSR reaction to some degree, perhaps acting as an oxygen transfer medium, although the effect of Al weaker than that of cerium oxide. Based on the Ce 3d5/2 peak at 885.50 eV [46] , we confirmed that the Ce was present as an oxide before and after the reaction, whereas it was present as Ce 4+ before the reaction. After reaction, the peak moved to a lower binding energy as a result of reduction (probably to Ce 3+ ). Finally, the C 1s spectrum is presented for analysis of the carbon content deposited after the reaction. After the reaction, two peaks corresponding to C=O and C=C were observed at 284.90 and 284.27 eV [47] . The amount of accumulated carbon was greater on the 30Co/70γ-Al 2 O 3 catalyst than that on the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst. Otherwise, the peak positions for C=O and C=C shifted to the higher binding energies of 288.25 and 284.90 eV on the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst. As already mentioned from the TPO results, C=O corresponds to amorphous carbon and C=C is considered to correspond to a crystalline carbon such as CNT. This result means that the mechanisms on two catalysts were different depending on Ce addition.
Characteristics of 30CoxCey/70γ-Al2O3 Catalysts after Propane Steam Reforming
Characteristics of 30Co x Ce y /70γ-Al 2 O 3 Catalysts after Propane Steam Reforming
Based on the catalytic performance for the PSR and physicochemical characteristics, Scheme 1 presents a proposed PSR mechanism for the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst. During reforming, the Co or Co x O y components play important roles in the dehydrogenation and thermal cracking of propane gas, transforming the propane gases to C 2 H 4 and CH 4 as an intermediate and then acetaldehyde (CH 3 CHO), generated by ethylene oxidation over bimetallic CoCeO [48, 49] . The acetaldehyde was thermally and catalytically cracked to CH 4 and CO. The CH 4 and CO obtained were accompanied by other reactions, such as the CH 4 -steam reforming reaction and CO-WGS reaction. Based on CO-and H 2 O-TPD experiments, water molecules were well adsorbed on cerium oxide components and CO molecules were well adsorbed on the bimetallic CoCeO components. Finally, the oxygen vacancies were filled because of the interaction with water vapor and oxygen donated sites in cerium oxide. Meanwhile, the CO-water gas shift reaction took place predominantly on CoCeO bimetallic oxide. Based on the excellent oxygen delivery properties of Ce, the vapor (H 2 O) participates in the WGS reaction on the cerium oxide surface produce H 2 and CO 2 . In conclusion, cerium oxide, as a promoter, helps to produce a high hydrogen yield in the PSR reaction when using the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst. participating in the substantial reforming reaction decreased, resulting in a decrease in the amount of CH4 combustion, and consequently, an increase in the carbon deposition probability. In other words, the carbon compounds, produced as intermediates, strongly interacted with the surface of the catalysts with greater Ce substitution; thus, they could not escape from the catalyst surface and accumulated. However, based on these results, we found that the addition of 15% Ce (with respect to that of Co) can suppress coke formation, as well as catalyst deactivation. To confirm this result, TEM images were obtained to determine the shape of the deposited carbon particles. The amount of carbon deposited was too small to observe particular carbon shapes such as carbon nanotubes (CNTs) or fullerenes. Nonetheless, the catalyst without Ce clearly exhibited agglomeration between metals, and the particles measuring 100 nm in diameter, before reaction, grew to micrometer size. These enormous particles inactivate the catalytic sites and the deposited carbon could not be easily burned away; thus, carbon is continuously deposited, resulting in coke formation. On the other hand, in the catalysts with Ce substitution, the needle-shaped particles before reaction did not increase in size after the reaction, but became highly dispersed. Possibly, the introduction of CexOy suppressed sintering between Co metal particles (actually CoO). This means that even if carbon is deposited on the surface of the catalyst, it could be easily burned away on the CexOy to inhibit coke formation, resulting in continuous catalyst activity. Figure 9 . TGA and TPO curves for coke combustion and TEM images of the used 30CoxCey/70γ-Al2O3 catalysts after PSR. Figure 10 shows the Co2p, Ce3d, Al2p, and O1s XPS spectra of two representative catalysts, 30Co/70γ-Al2O3 and 30Co0.85Ce0.15/70γ-Al2O3, before and after PSR. The Co2p spectra contain peaks corresponding to Co 2+ (783.52 eV) and Co 2.5+ (781.36 eV) for both catalysts before reaction [43] . However, after reaction, the peaks moved towards lower binding energies, which means the observed at 284.90 and 284.27 eV [47] . The amount of accumulated carbon was greater on the 30Co/70γ-Al2O3 catalyst than that on the 30Co0.85Ce0.15/70γ-Al2O3 catalyst. Otherwise, the peak positions for C=O and C=C shifted to the higher binding energies of 288.25 and 284.90 eV on the 30Co0.85Ce0.15/70γ-Al2O3 catalyst. As already mentioned from the TPO results, C=O corresponds to amorphous carbon and C=C is considered to correspond to a crystalline carbon such as CNT. This result means that the mechanisms on two catalysts were different depending on Ce addition. Based on the catalytic performance for the PSR and physicochemical characteristics, Scheme 1 presents a proposed PSR mechanism for the 30Co0.85Ce0.15/70γ-Al2O3 catalyst. During reforming, the Co or CoxOy components play important roles in the dehydrogenation and thermal cracking of propane gas, transforming the propane gases to C2H4 and CH4 as an intermediate and then acetaldehyde (CH3CHO), generated by ethylene oxidation over bimetallic CoCeO [48, 49] . The acetaldehyde was thermally and catalytically cracked to CH4 and CO. The CH4 and CO obtained were accompanied by other reactions, such as the CH4-steam reforming reaction and CO-WGS reaction. Based on CO-and H2O-TPD experiments, water molecules were well adsorbed on cerium oxide components and CO molecules were well adsorbed on the bimetallic CoCeO components. Finally, the oxygen vacancies were filled because of the interaction with water vapor and oxygen donated sites in cerium oxide. Meanwhile, the CO-water gas shift reaction took place predominantly on CoCeO bimetallic oxide. Based on the excellent oxygen delivery properties of Ce, the vapor (H2O) participates in the WGS reaction on the cerium oxide surface produce H2 and CO2. In conclusion, cerium oxide, as a promoter, helps to produce a high hydrogen yield in the PSR reaction when using the 30Co0.85Ce0.15/70γ-Al2O3 catalyst. 
Experimantal
Preparation of 30CoxCey/70 γ-Al2O3 Catalysts
The 30CoxCey/70γ-Al2O3 catalysts were prepared using a conventional impregnation method at pH 3.0, and the obtained catalysts are denoted 30CoxCey/70γ-Al2O3 (x = 1, 0.97, 0.85, 0.79, and 0.70 and y = 0, 0.03, 0.15, 0.21, and 0.30; thus, the Ce contents were 0.1, 0.5, 0.7, and 1.0 mol.% per mole of Co) based on the added elements and ratios. Cobalt chloride (CoCl2, Daejung Chemicals & Metals Co., Ltd., Siheung, Korea) and cerium chloride (CeCl4, Daejung Chemicals & Metals Co., Ltd., Siheung, Korea) were used as metal precursors for Co and Ce. First, the appropriate amounts of CoCl2 and cerium chloride were dissolved in a 500-mL beaker containing ethanol solvent with continuous stirring. The pH values of the solutions were adjusted to 3.0 with acetic acid so that the two metals were completely dissolved, and constant stirring of the solution was carried out for about 1 h. Subsequently, 10.0 g of γ-Al2O3 powder was added to the above solution, which was stirred again for 12 h at room temperature and then evaporated at 80 °C for 2 h to remove the solvents and impurities. The obtained powders were calcined in air at 700 °C for 5 h to crystallize; finally, the five powdered catalysts were obtained: 30Co/70γ-Al2O3, 30Co0.97Ce0.03/70γ-Al2O3, 30Co0.85Ce0.15/70γ-Al2O3, 30Co0.79Ce0.21/70γ-Al2O3, and 30Co0.70Ce0.30/70γ-Al2O3. These catalysts were subjected to prehydrogen reduction at 700 °C for 2 h before use for PSR. The 30Co x Ce y /70γ-Al 2 O 3 catalysts were prepared using a conventional impregnation method at pH 3.0, and the obtained catalysts are denoted 30Co x Ce y /70γ-Al 2 O 3 (x = 1, 0.97, 0.85, 0.79, and 0.70 and y = 0, 0.03, 0.15, 0.21, and 0.30; thus, the Ce contents were 0.1, 0.5, 0.7, and 1.0 mol.% per mole of Co) based on the added elements and ratios. Cobalt chloride (CoCl 2 , Daejung Chemicals & Metals Co., Ltd., Siheung, Korea) and cerium chloride (CeCl 4 , Daejung Chemicals & Metals Co., Ltd., Siheung, Korea) were used as metal precursors for Co and Ce. First, the appropriate amounts of CoCl 2 and cerium chloride were dissolved in a 500-mL beaker containing ethanol solvent with continuous stirring. The pH values of the solutions were adjusted to 3.0 with acetic acid so that the two metals were completely dissolved, and constant stirring of the solution was carried out for about 1 h. Subsequently, 10.0 g of γ-Al 2 O 3 powder was added to the above solution, which was stirred again for 12 h at room temperature and then evaporated at 80 • C for 2 h to remove the solvents and impurities. The obtained powders were calcined in air at 700 • C for 5 h to crystallize; finally, the five powdered catalysts were obtained: 30Co/70γ-Al 2 3 . These catalysts were subjected to prehydrogen reduction at 700 • C for 2 h before use for PSR.
Characterization
X-ray diffraction (XRD, MPD, PANalytical, Almelo, The Nederland) measurements using nickel-filtered Cu Kα radiation (40 kV, 30 mA) were carried out to identify the structure and crystallinity of the synthesized 30Co x Ce y /70γ-Al 2 O 3 catalysts. The catalyst particle shapes were determined by high-resolution transmission electron microscopy (TEM, H-7600, Hitachi, Tokyo, Japan) operated at 120 kV. X-ray photoelectron spectroscopy (XPS, AXIS Nova, Kratos Inc., San Diego, CA, USA) measurements for Co 2p , Ce 3d , Al 2p , O 1s , and C 1s were performed using a non-monochromatic Al Kα (1486.6 eV) X-ray source. The elemental compositions of the catalysts were determined using an energy-dispersive X-ray spectroscope (EDS, EX-250, Horiba, Kyoto, Japan) operated at 15 kV. The Brunauer-Emmett-Teller (BET) surface areas of the catalysts were obtained from liquid nitrogen adsorption/desorption isotherm curves measured using a Belsorp II instrument (Belsorp II Mini, Toyonaka, Japan).
H 2 -temperature programmed reduction (TPR), and CO-and C 3 H 8 -TPD (temperature programmed desorption) were conducted with a BELCAT (Bel Japan Inc., Toyonaka, Japan). 0.10 g of the calcined sample was charged into the quartz tube and flushed with high-purity argon gas at 300 • C for 1 h, followed by cooling to room temperature. The catalyst for TPR was charged into the quartz tube and reduced in 5 vol% H 2 /Ar (ca. 30 mL min −1 ) from 50 to 900 • C. Wherein CO and C 3 H 8 gases for TPD were introduced as adsorption gases (ca. 30 mL min −1 ) at 50 • C for 1 h. After adsorption, the system was purged with argon gas for 30 min to remove any weakly adsorbed species. The tests were initiated by heating to 900 • C at a rate of 10 • C min −1 . The resulting profile was monitored using a thermal conductivity detector (TCD) and mass analyzer [Q-mass].
Thermogravimetric analysis (TGA) for coke combustion (TPO, temperature programmed oxidation) after reaction was conducted using a thermos differential and gravimetric analyzer (Shinco, Daejeon, Korea). The samples weighed 7.0-10.0 mg. The TGA data based on weight loss were collected in the 50-800 • C temperature range at a rate of 10 • C min −1 in air-flow (ca. 25 mL min −1 ).
The activation energies for water desorption from the catalysts were also determined using the thermogravimetric analysis apparatus. The data were collected in the range of 40-500 • C at rates of 5, 10, and 15 • C min −1 N 2 flow (ca. 25 mL min −1 ). Before the tests, the catalysts were dried in a drying oven at 200 • C for 2 h to remove water molecules attached to the surface. After that, the samples were immediately placed in a desiccator containing a saturated solution of (NH 4 ) 2 SO 4 and stored for 24 h to adsorb any water.
A fixed bed-type reactor was already designed in the previous study for the PSR [21] . The catalytic activities of the 30Co x Ce y /70γ-Al 2 O 3 catalysts were measured at 700 • C for 10 h at a steam-topropane ratio of 1:6 (mol.%) with a gas hourly space velocity (GHSV) of 6000 h −1 . The catalyst (1.0 g) was pelletized to a 20-24 mesh, packed in the fixed-bed quartz reactor, and then mounted vertically inside the furnace. In this study, the amount of steam was adjusted by regulating the temperature according to the partial pressure law. The reaction products during PSR were measured by an on-line gas chromatograph (GC, DS7200, Donam Company, Gwangju, Korea) equipped with a thermal conductivity detector (TCD) and flame-ionizing detector (FID). H 2 , CO, CO 2 , CH 3 CHO, and CH 3 COOH were detected with the TCD, whereas CH 4 , C 2 H 4 , C 2 H 6 , and C 3 H 8 , and the other products were detected with the FID. The following GC conditions were used: Carboxen-1000 column (Bruker, Billerica, MA, USA); injection temperature, 423 K; initial column temperature, 423 K; final temperature, 473 K; and detector temperatures, 423 K (TCD) and 573 K (FID). 
Conclusions
The purpose of this study was to improve the catalytic stability of the 30Co/70γ-Al 2 O 3 catalyst and to promote hydrogen production by introducing Ce, which has an excellent oxygen transfer capacity. The catalytic performances of the 30Co x Ce y /70γ-Al 2 O 3 catalysts were evaluated for the PSR reaction at 700 • C for 10 h. The 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst showed 100% propane conversion, about 75% H 2 selectivity, and the least carbon deposition after PSR. In particular, because the addition of Ce accelerated the WGS reaction, CO, which causes catalyst poisoning, was converted to CO 2 . Considering the gas adsorption capacity, propane conversion, and carbon deposition after reaction, the 30Co 0.85 Ce 0.15 /70γ-Al 2 O 3 catalyst is the optimal Ce substitution ratio. Finally, the synergistic effect of Co and Ce in the catalyst for the PSR allowed hydrogen gas to be produced stably without catalyst deactivation after 100 h.
